The time course and temperature requirements for fusion of influenza virus membranes with liposomes at pH 7-5 were found to be consistent with the requirements for cell entry. At 37 °C, fusion was most rapid during the first 5 min and then continued more slowly up to at least 1 h. The amount of fusion increased semilogarithmically with increasing temperature up to 50 °C.
For enveloped viruses to initiate infection, the viral nucleoprotein must become accessible to the contents of the cell, which means that it must be at least partially released from its membrane. One mechanism by which this can occur is by fusion of the viral membrane either directly with the host plasma membrane or with the membrane of a vacuole after endocytosis of the virus (Bukrinskaya, 1982; Dimmock, 1982; Kohn, 1985) . Sendai virus membranes can fuse directly with host plasma membranes (Morgan & Howe, 1968) or with liposomes (Haywood, 1974) at neutral pH.
Influenza virus, on the other hand, is thought to be an example of viruses that require low pH for membrane fusion (Maeda et al., 1981 ; Sato et al., 1983; Skehel et al., 1982; White et al., 1982 White et al., , 1983 Yoshimura et al., 1982) . Influenza viruses have been shown to be present in both clathrincoated vesicles and uncoated vesicles (Matlin et al., 1981) , and it has been postulated that fusion is triggered by low pH within a coated vesicle. Changes in the conformation of the haemagglutinin protein of X-31 (H3N2) influenza virus when the pH is lowered have been extensively studied with the idea that these changes are necessary for membrane fusion (Skehel et al., 1982) . Fidgen & Tisdale (1981) , however, gave unequivocal evidence that the membranes of two strains of influenza virus can fuse with erythrocyte membranes at neutral pH. Later work showed that at pH 7.5 egg-grown X-31 influenza virus membranes can fuse with liposomes that contain ganglioside GD1 a (Haywood & Boyer, 1985) . When liposomes contain no net charge, it is possible to demonstrate the same low pH requirement for fusion of influenza virus membranes that has been described by other investigators. Therefore, the difference between these results with liposomes and those of others (Sato et al., 1983; White et al., 1982) seems to be related to the liposome composition and not to the virus strain or method of assay.
If the course of viral entry is primarily determined by the ability of the virus membranes to fuse at neutral pH and does not require active participation by the host, then the characteristics of the fusion of the viral membranes with liposomes should match the characteristics of viral entry into a cell. Therefore, the time course and temperature requirements for fusion of influenza membranes with liposomes at neutral pH were measured.
X-31 (H3N2) influenza virus was obtained from Dr R. G. Webster, grown in embryonated chicken eggs, labelled with [35S]methionine and purified as previously described (Haywood & Boyer, 1985) . The virus was dialysed against HKN (3 mM-HEPES, 2.7 mM-KC1, 130 mM-NaC1, t Present address: Eastman Kodak Research Laboratories, Rochester, New York 14650, U.S.A. 0000-7335 © 1986 SGM pH 7.5). Bovine serum albumin was added at a final concentration of 0-003~ to prevent the aggregation that occurs during freezing. The virus was divided into small aliquots before freezing, so that after dialysis it was thawed only once before use. A modification of the Lowry procedure (Markwell et al., 1978) was used to measure protein concentration, and the specific activity of the virus was 254 c.p.m./~tg protein.
Liposomes were made from 0.7~tmol egg phosphatidylcholine (PC), 0.3~tmol egg phosphatidylethanolamine (PE), 0.66 ~mol cholesterol and 0-03 p.mol ganglioside GDla in HKN The source of these lipids and methods for assaying purity and concentration have been previously described (Haywood & Boyer, 1984) . Multilamellar liposomes were made as previously described (Haywood & Boyer, 1984) within a few hours of use.
Influenza viruses (7.9 ~tg of protein) were adsorbed to liposomes at 0 °C for 1 h in a final volume of 0.3 ml. The time and temperature of incubation were as indicated. During fusion, viral membrane proteins are incorporated into the liposome membranes and viral internal proteins are released inside the liposomes. The amount of fusion was measured as previously described (Haywood & Boyer, 1985) by determining the amount of [35S]methionine-labelled virus protein that was transferred to liposomes. In brief, after incubation, the virus and liposomes were chilled and the viruses that were adsorbed but not fused were removed from the liposomes by adding fetuin (50 mg/ml) for 15 min at 0 °C. (Fetuin is a sialoglycoprotein which binds influenza virus.) The viruses that had not fused were then separated from the liposomes by centrifugation, and the amount of labelled viral protein associated with the liposomes was counted. Micrographs have confirmed that this treatment removes bound viruses except for rare viruses which are trapped between liposomes and which presumably account for the background counts at 0 °C (Haywood & Boyer, 1985) . Micrographs also show that the viral proteins can be seen incorporated into the liposome structure (Haywood & Boyer, 1985) . The amount of fusion was calculated as the percentage of counts in viruses transferred to liposomes during incubation minus the percentage of counts associated with the liposomes after adsorption at 0 °C (6.5~ of the counts added in the time experiments and 8~ of the counts added in the temperature experiments). The S.E.M. for all the data shown was _+ 1 (~ virus fused) or less, except for the experiments performed at 50 °C where the S.E.M. was --+4.
To measure the time course of fusion of influenza virus membranes with liposomes, the viruses were adsorbed to the liposomes for 1 h in an ice bucket, and the temperature was then raised to 37 °C for the indicated times. After incubation the samples were returned to the ice bucket and the amount of protein transferred to liposomes was measured. The time course of the fusion of influenza virus membranes with liposomes at 37 °C and at pH 7-5 is shown in Fig. 1 . The amount of fusion increased rapidly during the first 5 min at 37 °C and then increased more slowly until 1 h when the experiment was ended. A similar time course was found when the preadsorption step was omitted and viruses and liposomes were warmed to 37 °C and then mixed (not shown). This time course of fusion of influenza X-31 membranes with liposomes is consistent with the data on entry of different influenza viruses into MDCK cells (Yoshimura et al., 1982; Matlin et al., 1981) . A study that used resonance energy transfer as an assay (Stegmann et al., 1985) indicated fusion at neutral pH that is comparable to the data in Fig. 1 , although cardiolipin liposomes were used which made the liposomes unlike the host membrane.
Since, at pH 7.5, only 6 ~ of the influenza viruses have fused after 2 rain and 11 ~ have fused after 5 rain, measurement of fusion after such short incubations gives a low estimate of the capacity of the virus to fuse at neutral pH. The low amount of fusion after brief incubations may be dismissed as negligible when compared to the amount of fusion at low pH in these time periods. Fusion at low pH, however, only continues over a brief time, whereas fusion at neutral pH continues to increase with time, similar to viral entry in vivo. It is important to realize that the rates of fusion at pH 5.0 and 7.4 are markedly different and comparisons of the fusion capacities after 2 or 5 min incubation are not valid.
The mechanism of membrane fusion at neutral pH has been most extensively studied with the paramyxoviruses. The fraction of Sendai virions that fuse their membranes with liposomes (Haywood & Boyer, 1982 , 1984 ) is comparable to the fraction of influenza virions that fuse their membranes with liposomes at neutral pH. Fusion of Sendai virus with liposomes requires an active F1 protein (Homma & Ohuchi, 1973; Scheid & Choppin, 1974 ) and occurs at the leading edge of a developing vesicle where the bilayer is stressed and where the curvature facilitates close approach of the bilayers (Haywood & Boyer, 1981 ; Haywood, 1983) . The influenza virus haemagglutinin protein is thought to serve the same role in fusion as the Sendai virus F protein. Envelopment of Sendai virus by liposomes results from circumferential binding (Haywood, 1975) which is similar to the mechanism postulated for envelopment of influenza virus into uncoated vesicles (Patterson et al., 1979; Matlin et al., 1981) . Thus, if fusion of influenza virus membranes and fusion of Sendai virus membranes occur by the same mechanism, envelopment of the virus due to circumferential binding may be the rate-limiting step whether fusion occurs directly with the plasma membrane or inside a vacuole.
The logarithm of the rates of biological reactions as of other chemical reactions increases inversely as the reciprocal of the temperature (K) as long as no component is denatured by the increasing temperature. The haemagglutinin proteins of most of the influenza strains that have been tested have been shown to be resistant to a temperature of 50 °C (Howe et al., 1961) . Therefore, if the influenza haemagglutinin protein is directing the fusion, the fusion should increase with temperature in a semi-logarithmic fashion up to 50 °C. The temperature requirements for fusion of influenza virus membranes at pH 7.5 were measured by adsorbing the virus to the liposomes at 4 °C and then transferring the samples to a water-bath at the indicated temperatures for 1 h. The samples were then put back in an ice bucket, and the amount of viral protein incorporated into the liposomes was measured. The fusion of influenza virus membranes with liposomes after 1 h at different temperatures is shown in Fig. 2 . The amount of fusion increased as the temperature increased. When the natural logarithm of the amount of fusion in 1 h is plotted against the reciprocal of the absolute temperature (K), the result is a line that is straight between 15 °C and 50 °C (not shown).
A high rate of fusion at 50 °C is also evidenced by the very high levels of fusion of an influenza virus mutant at neutral pH at 50 °C even after only 5 min incubation (Wharton et al., Short communication 1986) . A flavivirus was also noted to give extensive fusion at neutral pH after incubation for 5 min at 45 °C or 50 °C (Gollins & Porterfield, 1986) .
Since the lipids used in these liposomes are fluid at all temperatures used, the effect of temperature is probably related to the viral proteins as has been described for Sendal virus membrane fusion with liposomes at neutral pH (Haywood & Boyer, 1982) . The temperature dependence of the segmental and rotational motion of the Sendal virus membrane proteins is similar to the temperature requirement of virus-induced haemolysis, which suggests that the temperature requirement lor membrane lusion relates to viral protein mobility (Lee et al., 1983) . Envelopment of the virus by liposomes (Haywood, 1975) also is temperature-dependent as is envelopment of particles by phagocytic cells (Griffin et al., 1975) .
In conclusion, the time course for fusion of influenza virus membranes with liposomes at pH 7.5 is consistent with the time course for viral entry into cells (Yoshimura et al., 1982; Matlin et al., 1981) . The temperature dependence is also consistent with in vivo viral entry except that fusion with liposomes occurs at 50°C, which probably reflects the influenza virus haemagglutinin's resistance to heat.
The time course is also consistent with the time course of the binding of myxoviruses to ceils (Allison & Valentine, 1960; Matlin et al., 1981) . Fusion at low pH, in contrast to fusion at neutral pH, is very rapid. Fusion of influenza WSN with MDCK cells has been reported to have a halftime of less than 1 min at 37 °C (Yoshimura et al., 1982) , and fusion of fowl plague virus with liposomes is mainly complete by 2 min . Since, of course, fusion can only occur after binding, the rapid course of fusion at low pH indicates that the binding must also be far more rapid than occurs in vivo. Since it has been postulated that fusion at low pH occurs in endocytic vesicles, the rapid time course of binding and fusion at low pH does not eliminate low pH as a factor in in vivo fusion, but it does indicate that low pH causes rapid and efficient binding which does not correspond to in vivo binding. This is consistent with the suggestion that one major effect of low pH is to allow the virus to bypass the usual binding requirements (Haywood & Boyer, 1985) .
When influenza membrane fusion is studied over the brief times usually used in studies relating to fusion at low pH, the low levels of fusion at neutral pH found have often been dismissed as negligible. This work demonstrates that it is not valid to compare the capacity of viral membranes to fuse at low and neutral pH by measuring the amount of fusion afer very brief incubation times at 37 °C. Comparisons between fusion at neutral and low pH should be made afer 1 h incubation. The slower time course of fusion at neutral pH must be taken into account in any studies of fusion of influenza virus membranes. This research was supported by National Science Foundation Grant PCM 8205896.
